The tRNA content and aminoacyl-tRNA synthetases of regenerating liver in the phase of rapid growth were compared with those of livers from both intact and sham-operated rats. At 48 h after hepatectomy, the amount of active tRNA (called 'total acceptor capacity') is significantly higher in regenerating liver than in control livers, owing to a general, possibly not uniform, increase in the various tRNA families, which suggests that it may contribute to the increased protein synthesis and to decreased protein degradation as well. The activities of most, but not of all, aminoacyl-tRNA synthetases in cell sap of regenerating liver tend to be greater than normal. Increased activity of histidyl-tRNA synthetase fits in with the possibility that the mechanisms that control the rate of protein degradation through aminoacylation of tRNAHiS in cultured cells [Scornik (1983) J. Biol. Chem. 258, 882-886] also operate in the liver and play a role in regeneration. Sedimentation analysis of cell sap in sucrose density gradients shows a shift of prolyl-tRNA synthetase activity toward the high-Mr form in regenerating liver. This change might be related to the positive protein balance and to growth in vivo, since it is also observed in the anaplastic Yoshida ascites hepatoma AH 130.
INTRODUCTION
The higher than normal stimulatory activity of cell sap from regenerating liver on protein synthesis in cell-free systems has been ascribed to increased activities of activating enzymes by some workers (Hultin & Von der Decken, 1958; Rendi, 1959) and to increased synthesis of aminoacyl-tRNA by others (Cajone et al., 1980) . Those studies were concerned with only a few amino acids. Changes in activity of several aminoacyl-tRNA synthetases are in fact seen in cell sap of regenerating liver, but their relation to growth is not clear, since they are not synchronous (Tidwell et al., 1972) . Also, there are still no direct measurements of the amounts of tRNA extracted from regenerating liver and aminoacylated in vitro by conventional methods, since previous investigations have focused mainly on the composition of the tRNA pool (Agarwal et al., 1970; Jackson et al., 1970; Tidwell et al., 1972) and bases (Shaw et al., 1978) . However, the amount of tRNA could be rate-controlling (see the Discussion section), and we have shown that it is noticeably higher in the liver of developing than of adult rats (Capaccioli et al., 1977) .
Comparing regenerating liver in the phase of rapid growth with livers from both intact and sham-operated controls, we have investigated whether partial hepatectomy might elicit an increase in tRNA in the fully differentiated organ of adult rats, up to values found in the perinatal period. Since the aminoacyl-tRNA synthetases are key elements in protein synthesis and may also have other physiological functions (Deutscher, 1984) , we also measured the activities of postmicrosomal-supernatant aminoacyl-tRNA synthetases, and we investigated the sedimentation patterns in sucrose density gradients of prolyl-, aspartyl-and lysyl-tRNA synthetase. Like several other mammalian aminoacyl-tRNA synthetases, those for proline and aspartic acid sediment both free and in complexed forms. In hepatomas, lysyl-tRNA synthetase is in multiple complexes (Perego et al., 1982) , and a complex has been isolated containing prolyl-, lysyl-and aspartyl-tRNA synthetase firmly associated with six other aminoacyl-tRNA synthetases, namely those for arginine, methionine, leucine, isoleucine, glutamic acid and glutamine (Perego, 1985; Perego & Del Monte, 1986) , as shown by others for CHO cells (Mirande et al., 1985) . This association might be related to active protein synthesis, or to growth, or to both, since in CHO cells arrested in G1 phase by amino acid deprivation, as compared with cells growing exponentially, there is a shift of prolyl-tRNA synthetase activity distribution to lower-Mr forms (Enger et al., 1978 156; arginine, 324; asparagine, 207; aspartic acid, 224 or 229; glutamine, 41; glutamic acid, 290; glycine, 109; histidine, 58; isoleucine, 354; leucine, 311; lysine, 312 or 348; proline, 280; threonine, 208; tyrosine, 468; valine, t used. They were randomly assigned to the experimental and control groups and used within 1 month. They were fed on a balanced diet (Piccioni) and water ad libitum and maintained in light-controlled rooms (light on from 07:00 to 19:00 h). Hepatectomy (Higgins & Anderson, 1931) and sham-operation were carried out between 09:00 and 10:00 h, under light diethyl ether anaesthesia. All the rats were killed by decapitation at the times indicated, after a 13-14 h period of starvation. The Yoshida ascites hepatoma AH 130 was grown intraperitoneally for 6 days (107 cells inoculated) in rats of the same age. RNA extraction and purification Liver tRNA was prepared quantitatively from the postmitochondrial-supernatant fraction by phenol extraction and DEAE-cellulose chromatography, as described by Capaccioli et al. (1977) . Homogenization was checked by examining stained smears of low-speed sediments. After deacylation (pH 8.5) and re-precipitation with acetate/ethanol, the tRNA fraction (18-21 % of total A260i units that had been loaded on a 2 cm x 16 cm DEAE-cellulose column) was collected on a Millipore (type HA) filter, dried under vacuum, dissolved in 4 mM-MgCl2/ 0.4 mM-EDTA and stored at -20 'C. The A260/A280 ratio of tRNA was 1.9-2.05.
Determination of amino acid acceptor capacity of tRNA To the standard reaction mixture of Del Monte & Cini (1972) , 0.25 mM-CTP was added. The tRNA concentration was 1.2 A260 units/ml. In tests with the mixture of labelled amino acids, MgCl2 was 6 mm. Liver aminoacyltRNA synthetases (Yang & Novelli, 1971) were kept at -70 'C until used. Reactions were run with two amounts of enzyme (18 and 36 ,g of protein in 125,al final vol.), and samples (50 1l) were taken at 30 and 60 min to verify that aminoacylation was at the plateau, with enzyme in excess. Cold-trichloroacetic-acid-insoluble radioactivity was quantified by scintillation spectrometry with 2,5-bis-(5-t-butylbenzaxol-2-yl)thiophen in toluene as scintillation medium. Hot-acid-insoluble radioactivity (considerable for arginine) was subtracted (Del Monte & Cini, 1972) . Aminoacylation was linear with tRNA concentration. Reproducibility was within + 5.
Polyacrylamide-gel electrophoresis of tRNA This was performed essentially as described by Richards et al. (1965) . The current was maintained at 6 mA for 6.5 h at 15 'C.
Assays of aminoacyl-tRNA synthetase activities These were done either by the method of Del Monte & Cini (1972) The homogenization medium was 0.35 M-sucrose containing 50 mM-Tris/HCl (pH 7.5), 25 mM-KCI, 5 mMmagnesium acetate and 2 mM-dithiothreitol (or 2 mM-GSH when indicated), which were also present in the sucrose gradient. When present, phenylmethanesulphonyl fluoride was 0.44 mm (Dang & Yang, 1979) . The ascites-hepatoma cells were collected by low-speed centrifugation, washed twice and homogenized in a Dounce homogenizer as described by Perego et al. (1982) . The postmicrosomal-supernatant fraction (Vennegoor & Bloemendal, 1970) was passed through a column (0.6 cm x 13 cm) of Sephadex G-25 (coarse grade). A sample of 1 ml (10-20 mg protein) was loaded on the top of a 15-35% (w/v) sucrose density gradient of 25 ml, which had been layered on a 60% -sucrose cushion of 6.5 ml (rotor SW27 used in Milan) or of2 ml (rotor SW25 used in Florence). Centrifugation was at 22500 (SW27) or at 24000 (SW25) rev./min for 18 h at 2 'C. Then 2 ml fractions were collected by upward displacement, by using ISCO fractionators. The gradient was calibrated reproducibly with several markers covering the range 4-28S (Perego et al., 1982) , and no differences were seen between calibration data for gradients that had been run in the two rotors. Starting from the top, the three regions of the gradient closely correspond to 4-lIS (1-6 ml), 11-18S (7-12 ml) and > 18S (13-26 ml). AminoacyltRNA synthetase activities were measured in sampres (20 ll) from each fraction, by either Method A or Method B, having ascertained that activity values for proline and lysine were similar by the two methods, whereas those for aspartic acid were 4 times higher when measured by Method B. Assays of total tissue nitrogen and of protein Tissue N was determined by nesslerization (Umbreit & Burris, 1964) of samples of tissue digested with H2SO4/CuSeO3. Protein was measured by the method of Gornall et al. (1949) or by that of Lowry et al. (1951) in trichloroacetic acid precipitates (Clark & Jacoby, 1970) , with bovine serum albumin as standard.
RESULTS
The results in Table 1 show that, 48 h after partial hepatectomy, the mass of hepatic tissue left in situ (determined in a comparable group of rats) was more than doubled in wet weight (from 3 to 7.3 g) and was just doubled in total N (from 118.5 to 243.8 mg). The fall in tissue N per unit wet weight reflects increases in water and fat that, in turn, proportionally dilute the other components of the tissue. Thus tissue N is the best reference basis, although wet weight was also used to facilitate comparisons with data for normal liver in the literature. The concentration of 10.9 A260 units of tRNA/g of tissue found for normal liver corresponds to the upper values of the typical range (Shenoy & Rogers, 1977) . For regenerating liver, the concentration was significantly higher. When based on tissue N, the increase in tRNA during regeneration was also significantly (Agarwal et al., 1970) or because only percentage acceptor composition was given (Tidwell et al., 1972) . Quantities of individual tRNA families in fully (or nearly so) charged liver tRNA and percentage acceptor composition of the tRNA pools of regenerating and control (both sham-operated and normal) livers are summarized in Table 2 . Variability between individual animals (Table 1) was eliminated by using pools of tRNAs from three animals each for aminoacylation. The reproducibility of acylation data within the same batch of tRNA was good, as specified in the Materials and methods section. Furthermore, data in Table 2 for tRNA from normal liver are very close to average values for six other preparations analysed previously (results not shown). From all these data, we conclude that almost all tRNA acceptor families were involved in the decrease of the acceptor capacity of tRNA from sham-operated rats and that the percentage acceptor composition ofthe tRNA pool from regenerating liver does not undergo dramatic changes, although tRNAHiS and tRNAThr were found in somewhat higher amounts in tRNA from regenerating liver than in any normal liver tRNA tested so far. As the result of all the above changes, the amount of active tRNA molecules in the tissue, also called 'total acceptor capacity' (Table 1) , tends to be lower after sham-operation, whereas during Vol. 236 Table 4 . Activity of aminoacyl-tRNA synthetases from rat liver 12 h after partial hepatectomy or sham-operation All rats were operated at 09: 00 h and killed at 21:00 h. Data for each experiment refer to the purified cell sap from two or three pooled livers. Results are means + S.E.M. for four independent experiments in each group and are expressed in enzyme units. Significance of differences was evaluated with Student's t test: ap < 0.05. Other details are as for regeneration it is significantly higher than normal, owing to a general, possibly not uniform, increase in the quantities of the various tRNA acceptor families. Table 3 shows that 48 h after partial hepatectomy there is a tendency of most, but not all, aminoacyl-tRNA synthetases toward increased activity, already apparent 12 h after partial hepatectomy (Table 4) , in which experiments sham-operated rats were used as controls to take into account the short-term effects of surgery.
The results on activity and distribution profiles of free and complexed forms ofprolyl-, lysyl-and aspartyl-tRNA synthetase studied by sedimentation analysis of cell sap in sucrose density gradients are summarized in Table 5 , which also contains information on the variability in different groups of animals. Regenerating liver, when compared with both normal and sham-operated controls, is characterized by an increase in the high-Mr form of prolyl-tRNA syrnthetase, which co-sediments with lysyltRNA synthetase at >18S, but changes in the distribution of aspartyl-tRNA synthetase are only small, if any. At 48 h after surgery the changes in distribution of prolyl-tRNA synthetase activity from regenerating liver are considerable, whether or not phenylmethanesulphonyl fluoride is added to the system. At this time of regeneration the distribution patterns oflow-and high-M, forms of prolyl-tRNA synthetase in both regenerating liver and Yoshida ascites hepatoma (which is a model for uncontrolled growth) appear to be comparable. On the other hand, 24 h after partial hepatectomy [that is, while the first wave of cell division is occurring in the periportal areas of the liver remnant (Grisham, 1962; Bucher, 1967) ], only a small increase of the high-Mr form of prolyl-tRNA synthetase was observed. This is not surprising, however, since sharp biochemical changes in Table 5 . Sucrose-density-gradient distribution of postmicrosomal aminoacyl-tRNA synthetases specific for proline, lysine and aspartic acid from livers of normal, sham-operated and partially hepatectomized rats and from Yoshida ascites hepatoma AH 130
Homogenates from two or three individual livers or hepatomas were pooled for further fractionation. Postmicrosomal supernatants from control and hepatectomized rats were centrifuged on parallel sucrose gradients. Expts. one or other zone of the lobule could be obscured by differences in response time to hepatectomy (Ord & Stocken, 1984) .
DISCUSSION
In regenerating liver, the total acceptor capacity (Table 1) is close to values found in foetal liver 1 day before birth (Capaccioli et al., 1977) . The value of 1261 pmol of total amino acids/A260 unit fixed by tRNA from normal liver of 3-4-month-old rats [the extent of aminoacylation of tRNA may decrease with age (Wust & Rosen, 1972; Mays et al., 1979) ] compares well with total acceptor capacity ofmixed tRNA from other mammalian systems (Katze & Mason, 1973; Hentzen, 1976) , although the composition varies because of the functional adaptation of tRNA pools in specialized systems (Hentzen, 1976) .
The decrease in acceptor capacity per A260 unit of tRNA from sham-operated rats might be due to changes occurring late, since there was no difference in tRNA from that in regenerating liver 12 h after surgery (Agarwal et al., 1970) , and only a few minor changes in base composition were observed after 18, 24 and 30 h (Shaw et al., 1978) . Sham-operated rats could have inherently different nuclease activity, or there may be defective subpopulations of tRNAs and/or other small RNAs ofunknown source, such as those that contaminate whole-tissue tRNA preparations from aged animals (Mays et al., 1979) . Similar changes might also be present in regenerating liver, where they would be masked, however, by the increase in the amount of active tRNA molecules.
The decreased protein synthesis during starvation, in which condition protein degradation markedly prevails over protein synthesis and the liver mass is dramatically decreased, has been attributed, at least in part, to a decreased total acceptor capacity of the liver cell sap (Shenoy & Rogers, 1977) . Conversely, in regenerating liver the increased acceptor capacity might play a role in increased protein synthesis reported by Scornik (1974) as well as in decreased protein degradation (Scornik & Botbol, 1976 in previous studies on cell sap (Hultin & Von der Decken, 1958; Cajone et al., 1980) . The discrepancy might be due to differences between tRNA extracted from the postmitochondrial fraction (the present study) and RNA in cell sap in both amount and composition (cf. Katze & Mason, 1973) , or could be simply attributable to differences in sensitivity of the methods, in that in previous studies on cell sap colorimetric methods were used to estimate RNA. Altogether, the data for activity of aminoacyl-tRNA synthetases indicate that large amounts of aminoacylated tRNA, favouring a positive protein balance (Allen et al., 1969; Scornik, 1983) , are maintained in regenerating liver. The increase in histidyl-tRNA synthetase activity is of special interest, since protein degradation in cultured CHO cells is enhanced when the ratio of charged to uncharged tRNAHiS is lowered (Scornik, 1983 ). Tidwell et al. (1972 found that, when they killed (at 09:30 h) rats hepatectomized 18-24 h earlier, the activity of histidyl-tRNA synthetase was 38-48 % higher than in normals, but when they killed them (still at 09: 30 h) 12 h after hepatectomy the activity was normal. However, in rats killed at 21:00 h and compared with sham-operated rats, we found increased activity of histidyl-tRNA synthetase as early as 12 h post-hepatectomy. Previous data for rat liver and hepatomas suggesting that regulation of histidyl-tRNA synthetase activity is independent from that for most aminoacyl-tRNA synthetases (Del Monte, 1974; Del Monte et al., 1975 ) indicate a special function of histidyl-tRNA synthetase. Maybe this enzyme is involved in regulation of protein breakdown, as suggested by the recognition of tRNAHiS as a component of the ubiquitin-and ATP-dependent proteolytic system (Ciechanover et al., 1985) . In this connection, from combined data on acceptor capacity of tRNA for histidine and on total acceptor capacity of the tissue, it can be inferred that amounts of tRNAHiS are higher in regenerating than in control livers.
Shifts in percentage distribution of prolyl-tRNA synthetase to higher-Mr complexes in cell sap from regenerating liver and Yoshida hepatoma, compared with the distribution for normal liver, are consistent with data for CHO cells growing exponentially in vitro, compared with cells arrested in G1 (Enger et al., 1978) , ifwe consider that cell proliferation in vivo is not synchronous. Also, taking into account the enzyme activities (Table 5) , we think that the shift is due to an increase in the amount of prolyl-tRNA synthetase in the large complex or to changes in enzyme activity, depending on enzymic phosphorylation (Damuni et al., 1982) , or to both. There might also be more than one complex sedimenting at > 18S. In any case, since this shift is observed whether or not phenylmethanesulphonyl fluoride is added to the system, it is not an artefact, but may have a physiological role, as suggested by Enger et al. (1978) . For instance, it might favour protein synthesis through increased efficiency of an uptake-activation-loading mechanism located at or near to the cell membrane (Kipnis et al., 1961 ; see also Airhart et al., 1974; Van Venrooij et al., 1974) . This interpretation takes into account the more efficient labelling of newly synthesized proteins in regenerating liver (Scornik, 1974) and is in keeping with models, now receiving experimental support, of the function of the aminoacyl-tRNA synthetase complexes in utilization of extracellular amino acids (reviewed by Deutscher, 1984; Hampel et al., 1984) .
